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THOMSON BACKSCATTERED X-RAYS FROM AN INTENSE LASER BEAM

I. Introduction

Tunable, near monochromatic, high brightness x-rays would he an important tool in

research and medical diagnostics. Synchrotron light sources have produced useful x-rays

for a large user community. In this paper we examine a closely related method of x-ray

generation, Thomson backscattering of x-rays from intense laser beams.`- The schematic

is shown in Fig. 1, where an electron beam intersects an incoming laser pulse. Radiation is

backscattered at a double Doppler upshifted frequency. The laser pulse in Fig. 1 acts in a

similar fashion as the static magnetic wiggler in synchrotron light sources or free electron

lasers. 7 -11

One advantage to this approach is that, because the wavelength of the laser is many

orders of magnitude smaller than that of static undulators, an electron beam of much lower

energy can be used to generate x-rays of a particular energy. For example, radiation of

0.04 nm wavelength (30 keV) x-rays can be generated by a laser with 1 pim wavelength

and electron beam energy of 40 MeV.

An experiment is under way at Vanderbilt University to utilize the FEL as the undli-

lator. The goal is to develop diagnostic medical imaging techniques based on the detection

of atomic species important in biological substances by utilizing the discrete K-edges which

are in the low keV energy range.4 A laser undulator has also been proposed as the damping

mechanism of a very low energy (-- 1 MeV) storage ring"2 and for emittance reduction."3

The analytical expression of the Thomson backscattered radiation from a laser undulator

derived in this paper can be applied to all these applications.

II. Formulation

We are interested in calculating the Thomson radiation intensity pattern and spec-

trum which results when a laser pulse intersects with an electron beam with small initial

transverse momentum going in the opposite direction.

The laser pulse is assumed to be linearly polarized with frequency WL. The vector

potential of the laser pulse can be separated into fast and slow components,

A(i7) = A(i7)sin(q)•, (1)
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where 17 = kLz + WLt, kL = WL/c. The pulse shape A(r) and the wavenumber kL(r/)

are assumed to be a constant for the interaction time T and sin(r/) is a fast oscillating

component.

The energy radiated per unit solid angle (dfl) per unit frequency (dw) per electron is

dP2"I e 2 02 fT/2 
2

dwdf -=ir 2 c JT/2 dt fix(i×hx)exp[iw(t-f.i-/c)] , (2)

where ii is a unit vector pointing from the radiating electron to the observation point, r

is the electron's coordinate, T = L/c is the interaction time, L is the length of the laser

pulse and 3 = c-'dr/dt is the electron velocity normalized to the speed of light c. We

consider an electron with small initial transverse velocity, P3.0 = v, 0o/c and /3,o = voo/c.

The symbol "-" above the variables denotes a function of (t).

It is convenient to use Cartesian coordinates for the velocity and position of the

electrons and spherical coordinates for the Thomson backscattering radiation.8

fx (fi x _)=- (&z cos 0cos 4, +/ & cos 0 sin 4-/ sin 0),69
(3)

+ (43. sin4' - • cos 4)i#,

and

fn.r = i sin O cos + j sin O oin q + i cos 0, (4)

where P. = P_. 6•, i = i. -6., and similarly for the y and z-components.

We separate the two components of the radiation

d 21 d2Io d2I
dZ d- - = dwd--- dd--' (5)

and perform the calculation in the variable 77, where

2C3 d_ [ LT cos0Cos 4 + cos0 sin - sin0 exp [ik] (6)

d2  -- e2 U;2  d77 Lxsin 4, - !CosI exp [ui] (7)
dwdfl 47r2c3 J-3,./2 E /2 0coi7

W -- c(x sin 0cos 4,+ -sin 0 sin• 0 + i(1 + cos 0)),(8
Y (8)

tL c
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cfdt = (Oi/0rl)d&7, A77 = WLT = 27rNo and N0 is the number of periods in the laser pulse.

In the 1-D limit, there are two constants of motion:

P. - -eA = P~o, (9)
C

and

'v(1 - 0.) = 70(1 - 0.0), (10)

where P. is the canonical momentum of the electron in the x-direction, and the subsc,;pt

0 denotes the initial value.1 4- 16

In the following, we assume that the electron transverse motion is small, i.e., a(/92o +

f«),/2 << 1, laser intensity not exceedingly large, i.e., a << 270o/#lO, and k±Ar « 1,

where Ar is the radius of the electron oscillation in the transverse direction driven by the

laser, a = (e/moc 2 )A and m 0 is the rest mass of the electron. The particle motions are

di 1 [0 - int1] (11a)

1o- (,(b)

and
d - 1 [+ (-I + cos(27i)) + O-oa7

(7cfLIc) t - 3 o-sn?
(1 Y-2_ l.0 20712 + 2(lc)

where (1/2 is the initial axial velocity,1 (1 (1 + -YO +

/12O))I(7o(1 +± Io)2 ))/2, /.o = Oto/(1 + flo), iyo = flyo/(1 + /Oo) and a = a/(1 + i3o).

Their locations are

[-L O (7"7 -' A,2) + 0,'' sin 77' (12a)
(WL/C) 1A,/2 7

1
Y = (WL/C) fo (7 + A77/2), (12b)

and

(=0+ /c) (1 + A77/2) ±+1.0j&' sin(ii')
7 1 . (12c)

-L--•, (a2 ) (1 - cos(277'))
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The 0 and 40 components of the radiation are now

ddl 2 -4,9 2 -W , A1/2 d 17 hcos0cos4,+±PoCos0sin- B - 2 sin 0

a a2 ]2i@
- -o(cos 0os + &o2 sin0)sinr7 -4-- sin0cos(277) exp ib ,

'to 2)
(13)

"dW dr[ (&0sin #M0cos) -a sin 0 sin 77 exp vi] , (14)
-of 47r 2 CW2

1 4 i-An/2 70

where

0 =&o + (-#- [1- (Iosin 0 cos 0 +I ,0 sin 0 sin 0 + #I (1 + cos 0))] (7 + Ai7/ 2 )
WL

f n &2 (15)+ ---(si -I-cos) 0 -0 1 -Cs ))dil sn 7
WoL f A//2

+ W (1 + CO)/B aB d

WL JA, 7 /2 47-

is the phase and bo = -(W/WL)A71/ 2 - (w/c)zo(1 + cos 0).

The integral in Eq. (15) may be evaluated to obtain

0' + do,17+ d. cos 1±+ d, sin(277), (16)

where

do {i + - cos,0 sin )sin0- 1- (1 +cos0) , (17a)
WL

d. = W [sin cos 0 + f3o0(1 + cosB)] a--- (17b)
WL -o

and

d, -(I + CosB)-. (17c)

Substituting (16) into (13) and (14), we obtain

d2 1-- e4"2  [ 2I (cos0cos# + &o0 sin0) - a•2  1,. (18)

dwf 4 2~ ~ 1g0,0, - 'Yo j- f2 1(18
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d 21. e 2 W 2±~i a 2, (19)
dwdfl I4r2CW2[ 'to

where

Io di7' exp [iO(xo,, 0o, 771)], (20a)

= Aiq/2

I. f _A./2 d77'sin7f exp[i4(Xolo,77')], (20b)

fA 1/2

I. = f-A./2 d71' cos(21') exp [i/(xo, f-0, 7')], (20c)

go,e -- (fi0cos4-'-/3osin4)cosG- yi -7o2 sin0, (21a)

and

go,0 = Pro sin P-/ cos. (21b)

Now, we will integrate over 17 by expanding the exponential of sin 17 and cos 7 in terms

of Bessel functions

exp[id, sin217]= 1 Jn(d.)exp[i2mi7], (22)
m=-oo

00 
00

exp[id cosi]= 1 J,(d)exp[in(7r/2+i7)]= E i'nJ(d.)exp[inf]. (23)

Substitute Eqs. (22) and (23) into Eqs. (20a)-(20c), we obtain

Io = 2e•00 EZ J(dz) j iJt(d.)pt,", (24a)
In

I. = -ei" Z J.(dz) E i[Jt-I(d.) + JS+i(d.)]pt,m, (24b)
m I

I. = -ei*° J.(d.) Z i t [JI-2 (d,,) + Jt+2 (d.)]pt,,n, (24c)
In

) (ei[(2+f+,do)A,•12_ - e i[(2m++d,)Ai2](2]).d)PIM = 2i(2m + I + do)



III. Fundamental and Harmonics

The emission on axis is peaked at the fundamental and harmonic frequencies, which

can be obtained from pt,,m

sin XPt,m = •~snx

X
where x = (2m + I + do)(7rN 0 ). Since Pt,m is peaked at X = 0. The frequencies of the on

axis radiation associated with the peak intensity are

Wh = hWL I+a2 470° 2_(5

1 +a 2 /2+ -y2(,80 + u)(

where h = -2m - I is the harmonic number.

The expressions for Io, I., and I, written in terms of the harmonic number, become

Io = 2e'00 E ihp Z(-1)mJ,(dz)Jh+2,%(d.) (26a)
h=1 M

I. = -ei 1° E ih Ph E(-1)"nJm(d.)[Jh+ 2'i-1(d.) + Jh+ 2,,,m+(dz)] (26b)
h-=1 M

00

I, = -eip° E i>ph Z (-1)m Jm(dZ)[Jh+ 2"-.2 (d.) + Jh+ 2,,+ 2(d.)], (26c)
h4=1 M

Ph = WNo sin Xh (26d)
xh

where Xh = (do - h)7rN..

The analytical expression for the radiated energy per unit solid angle per unit fre-

quency per electron, given by the sum of the expressions (18) and (19), with definitions

given by (17a-c), (21a-b) and (26a-d), are valid for a large range of values of laser ampli-

tudes. For a << 1, only fundamental radiation will be observed. Intensity of harmonic

radiation becomes important for a > 1.

The spectrum width of a single radiating electron is
1

No'

obtained by equating Xh = 7r. Since the laser pulse typically has a large number of periods,

the spectral width of the radiation, in principle, could be very narrow. However, the

spectral width will be determined by the energy spread and the emittance of the electron

beams.
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IV. Numerical Results and Comments

In this section we present numerical results for the energy radiated per unit solid Rngle

per unit frequency per electron. Two examples are given: 1) no transverse beam velocity

and 2) transverse velocity ,0,, = 0.0075. In both cases, the electron beam has -yo = 80.

The normalized laser amplitude is a = 3.2 x 10-2 and the number of periods in the laser

pulse is taken to be 20. The small number of periods is not typical for a laser pulse, but

it illustrates the principles, while avoiding difficulties in displaying data with very narrow

line widths.

For the electron beam without initial transverse velocity, the backscattered radiation

is peaked on axis. Figure 2 is a plot of the energy radiated as a function of frequency

and angle 0 (evaluated in the 0 = 0 plane), where w, is the frequency of the fundamental

based on Eq. (25). The bandwidth should be 5%, and this is confirmed by Fig. 3, which

is obtained on axis. The solid curve in Fig. 4 is a plot of the peak energy radiated for each

given angle 0. As expected th-. radiation is confined within an angle less than 1/7Yo. The

dashed curve in Fig. 4 is the corresponding frequency.

Realistic electron beams have finite ernittance. If the electron beam has an initial

transverse velocity, the radiation pattern is distorted. Figure 5 is a plot of the energy

radiated as a function of frequency and angle 0 (evaluated in the 4 = 0 plane), for/30 =

0.0075. A plot of the energy radiated on axis as a function of the normalized frequency,

shown in Fig. 6, shows that the radiation field on axis is reduced by about 25% as predicted

by the analytical expression. The solid curve in Fig. 7 is the plot of peak energy radiated

for each given angle 0 and the dashed curve in Fig. 7 is the corresponding frequency. The

peak frequency is at angle 0 = &30, while the peak of the intensity is at a smaller angle.

We have derived an analytic expression for the intensity distribution of Thomson

scattered radiation for the case of a linearly polarized laser pulse incident on a coun-

terpropagating electron beam. We have calculated the effects of small initial transverse

momentum, including the distortion of the intensity distribution, the reduction in on-axis

intensity, and the increase in bandwidth. We are currently extending this work to con-

sider the effects of emittance (for a distribution of electrons) and laser pulse shape on the

scattered radiation.
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Fig. 2. Plot of normalized energy radiated per unit solid angle per unit frequency per electron

as a function of normalized frequency and angle 0 (evaluated in the 4 = 0 plane) for

an electron with no initial transverse velocity.
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0.0
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Fig. 3. Plot of normalized energy radiated on axis per unit solid angle per unit frequency per

electron as a function of normalized frequency.
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alon the peak of the intensity
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Fig. 4. Plot of the peak energy radiated (solid curve) and the corresponding frequency (dashed

curve) for each given angle 0 (evaluated in the 0 = 0 plane).
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C
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Fig. 5. Plot of normalized energy radiated per unit solid angle per unit frequency per electron

as a function of normalized frequency and angle 0 (evaluated in the 4 - 0 plane) for

an electron with P.0 = 0.0075c.
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Fig. 6. Plot of normalized energy radiated on axis per unit solid angle per unit frequency per

electron as a function of normalized frequency.
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along the peak of the intensity
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Fig. 7. Plot of the peak energy radiated (solid curve) and the corresponding frequency (dashed

curve) for each given angle 0 (evaluated in the 4' - 0 plane).
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